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ABSTRACT
In the past, SDSS J160429.12+100002.2 was spectroscopically classified as a blue horizontal branch (BHB) star. Assuming a lumi-
nosity that is characteristic of BHB stars, the object’s radial velocity and proper motions from the second data release of Gaia would
imply that its Galactic rest-frame velocity exceeds its local escape velocity. Consequently, the object would be considered a hyperve-
locity star, which would prove particularly interesting because its Galactic trajectory points in our direction. However, based on the
spectroscopic analysis of follow-up observations, we show that the object is actually a short-period (P = 0.14337069± 0.00000018 d)
single-lined spectroscopic binary system with a visible B-type star (effective temperature, Teff = 15 840 ± 160 K, and surface gravity,
log(g) = 4.86 ± 0.04) that is less luminous than typical BHB stars. Accordingly, the distance of the system is lower than originally
thought, which renders its Galactic orbit bound to the Galaxy. Nevertheless, it is still an extreme halo object on a highly retrograde
orbit. The abundances of He, C, N, O, Ne, Mg, Al, Si, S, and Ca are subsolar by factors from 3 to more than 100, while Fe is enriched
by a factor of about 6. This peculiar chemical composition pattern is most likely caused by atomic diffusion processes. Combining
constraints from astrometry, orbital motion, photometry, and spectroscopy, we conclude that the visible component is a stripped star
of 0.25+0.15−0.06 M that is evolving into a low-mass helium white dwarf. Based on the currently available data, the mass of the unseen
compact companion is, with 99% confidence, larger than 1.5 M, that is, it is most likely a neutron star or a black hole. There are very
few other systems with similar properties known to date, all of them hosting millisecond pulsars.
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1. Introduction
The program star SDSS J160429.12+100002.2 is a rather faint
(G = 17.15 mag) blue (GBP−GRP = −0.17 mag) star of relatively
high Galactic latitude (b = +41.5 deg) that was discovered in
a search for white dwarf (WD) stars in the tenth data release
(DR10) of the Sloan Digital Sky Survey (SDSS, Ahn et al. 2014)
by Gentile Fusillo et al. (2015) and Kepler et al. (2015). While
the former classify it as a “narrow-line hydrogen star”, that is, a
star with a hydrogen-dominated atmosphere but a surface gravity
that is lower than those of typical WDs, the latter report a WD
spectral type of class DAB star that is flagged as uncertain, with
effective temperature, Teff = 23 819±270 K, and surface gravity,
log(g) = 5.68±0.03, which is indeed too low for a WD. Because
these atmospheric parameters are typical of hot subdwarf stars
(sdO/B), Geier et al. (2017) assigned the star to the class of B-
type subdwarfs (sdB).
SDSS J160429.12+100002.2 caught our attention because it
exhibits a high negative radial velocity (−345 ± 3 km s−1, Geier
et al. 2017). Consequently, the object was selected for spectro-
scopic follow-up observations in an ongoing project that is look-
ing for hot subdwarfs with extreme radial velocities in order
to find high-amplitude radial velocity variables, that is, short-
period close binaries (MUCHFUSS, Geier et al. 2015b) as well
as high-speed stars unbound to the Galaxy such as the hyper-
velocity hot subdwarf star US 708 (Hirsch et al. 2005, Geier
et al. 2015a). The initial survey, the Hyper-MUCHFUSS project,
was restricted to sdO/B stars with radial velocities exceeding
±100 km s−1 (Tillich et al. 2011, Németh et al. 2016, Ziegerer
et al. 2017).
Based on the SDSS spectrum, which was the only one avail-
able at the time of the aforementioned study, a preliminary spec-
troscopic analysis was carried out using a grid of synthetic spec-
tra that is based on model atmospheres in local thermodynamic
equilibrium (LTE) accounting for metal-line blanketing (Heber
et al. 2000). By means of a χ2 minimization technique (Napi-
wotzki et al. 1999), best-fitting atmospheric parameters (Teff =
16 800 ± 500 K, log(g) = 4.72 ± 0.09, and log(n(He)/n(H)) =
−2.2) were found that are, on the one hand, considerably dif-
ferent from the ones derived by Kepler et al. (2015) and, on
the other hand, consistent with those of blue horizontal branch
(BHB) stars in globular clusters (see, e.g., Moni Bidin et al.
2007; Moehler et al. 2011).
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Fig. 1. Posterior PDFs for the radius and mass of the visible component (R1, M1), the mass of its unseen compact companion (M2), and the orbital
inclination (io). Maximum and median values as well as ±1σ percentiles are marked by dashed and dotted lines, respectively.
Assuming a typical BHB mass of 0.5 ± 0.1 M, those pre-
liminary atmospheric parameters gave a spectrophotometric dis-
tance d = 6.0 ± 0.9 kpc that, when combined with the ground-
based proper motions available back then, resulted in such a high
Galactic rest-frame velocity 3Grf that the star seemed to be a
hypervelocity star, that is, an object that is gravitationally un-
bound to our Galaxy. This picture did not change when improved
proper motions from DR2 of the Gaia mission became available
later on, which yielded 3Grf = 730 ± 130 km s−1. Contrary to
almost all known hypervelocity stars, the preliminary Galactic
orbit of SDSS J160429.12+100002.2 pointed in our direction,
which would hint at the origins of the star lying outside of our
Galaxy if, indeed, it were to be a BHB star.
In the meantime, high-quality follow-up spectra were taken
during the Hyper-MUCHFUSS project. The implications of the
analysis of those spectra is presented in the following, where we
demonstrate that SDSS J160429.12+100002.2 is not a hyperve-
locity B-star but a short-period single-lined spectroscopic binary
system on a highly retrograde Galactic orbit that hosts the pro-
genitor of a low-mass helium WD and an unseen companion that
is most likely a neutron star (NS) or a black hole (BH).
2. Analysis
The technical details of the spectroscopic analysis, the investi-
gation of the spectral energy distribution (SED), the light-curve
analysis, the modeling of the radial-velocity curve, the kinematic
evaluation, and the Bayesian inference method are outlined in
Appendix A. We present only the most important results in the
main body of the text.
SDSS J160429.12+100002.2 is actually a short-period (P =
0.14337069 ± 0.00000018 d) single-lined spectroscopic binary
system in a low eccentric (e = 0.064 ± 0.027) orbit with a rela-
tively modest velocity semiamplitude (K1 = 38.9 ± 0.8 km s−1).
The visible component is a B-type star with effective tempera-
ture, Teff = 15 840±160 K, surface gravity, log(g) = 4.86±0.04,
and a peculiar abundance pattern that is indicative of ongoing
atomic diffusion processes. In terms of number fractions, He and
Mg are underabundant by more than 1 dex and Ca by 0.7 dex,
while Fe is enriched by about 0.8 dex. Although other chemical
species do not exhibit spectral lines in the available optical spec-
tra, upper abundance limits for C, N, O, Ne, Al, Si, S, and Ar
can be derived, which are also significantly below solar (from
0.5 dex for N to 2.5 dex for Si), except for Ar where the limit is
close to solar. At the level of its precision, the V-band light curve
taken in the course of the Catalina Sky Survey (CSS, Drake et al.
2009) shows no indications for photometric variability. The in-
vestigation of the SED confirms the spectroscopically derived
effective temperature and provides an estimate for the angular
diameter Θ = 2R1/d = (3.82 ± 0.06) × 10−12 (R1 is the radius of
Table 1. Parameters resulting from the Bayesian analysis.
Parameter Value
Radius R1 0.32+0.06−0.05 R
Mass M1 0.25+0.15−0.06 M
Mass M2 7.0+13.8− 1.7 M
Orbital inclination io 2.4(a) +0.9−0.4 deg
Derived parameter Value
Gravitational redshift 3grav = GM1/(R1c) 0.52+0.29−0.16 km s
−1
Luminosity L/L = (R1/R)2(Teff/Teff,)4 5.7+2.2−1.6
Distance d = 2R1/Θ 3.74+0.65−0.57 kpc
Notes. The given numbers are based on the maximum values and the
±1σ percentiles of the posterior PDFs shown in Fig. 1. The quantity G
is the gravitational constant, c is the speed of light. (a) Median value of
the PDF because the maximum value is not within the 1σ interval.
the visible component and d the distance to the binary system).
In addition, it reveals an infrared excess that can be empirically
modeled by a blackbody component with a blackbody temper-
ature, Tbb = 2300+400−600 K, and an effective radiation area that is
16+13− 5 times the projected surface area of the visible star.
Based on Bayesian inference, the radius and mass of the
visible component (R1, M1), the mass of the unseen compact
companion (M2), and the orbital inclination (io) can be con-
strained from the measured angular diameter, Gaia DR2 paral-
lax, $ = 0.127 + 0.029 ± 0.090 mas (the term +0.029 is the cor-
rection for the global parallax offset, see Lindegren et al. 2018),
surface gravity, binary mass function, and the condition that R1
has to be smaller than its respective Roche lobe radius at peri-
astron passage. The properties of the resulting probability distri-
bution functions (PDFs), shown in Fig. 1, as well as the derived
stellar parameters are listed in Table 1. The given distance allows
us to re-evaluate the kinematic properties of the binary system,
which turns out to be on a highly retrograde, halo-like Galactic
orbit that is gravitationally bound to the Milky Way.
3. Discussion
3.1. The nature of the visible component
The analysis of the follow-up spectra yielded improved atmo-
spheric parameters with respect to the preliminary analysis out-
lined in Sect. 1. The effective temperature turned out to be lower
and the surface gravity higher. Figure 2 shows the preliminary
and revised position of SDSS J160429.12+100002.2 in the Kiel
diagram, demonstrating that the new parameters are no longer
consistent with those of a BHB star because they place the star
below the zero-age horizontal branch (HB). This conclusion is
corroborated by our mass estimate of M1 = 0.25+0.15−0.06 M, which
Article number, page 2 of 13
A. Irrgang et al.: A proto-helium white dwarf with a non-interacting neutron star or black hole companion
25000 20000 15000 10000
7
6.5
6
5.5
5
4.5
Teff (K)
lo
g(
g
(c
m
s−
2 )
)
0.25
9 M
⊙
0.23
4 M
⊙
0.19
5 M
⊙
0.17
9 M
⊙
ZAH
B
Fig. 2. Preliminary and revised position of the program star (gray and
black 1σ error bars) in the Kiel diagram. The solid lines are tracks for
stripped helium cores from Driebe et al. (1998) labeled with their re-
spective masses (stars evolve from top to bottom). For reference, the
locus of the zero-age horizontal branch (ZAHB) for [Fe/H] = −1.48
(Dorman et al. 1993) is shown as gray dashed line, the 75 ELM bi-
naries from the ELM survey (Brown et al. 2020) in blue (with light
blue marking objects that orbit in the Galactic disk according to Brown
et al. 2020), the five pre-ELM WDs GALEX 1717+6757, HD 188112,
EL CVn, WASP 0247−25 B, and EVR-CB-001 which are mentioned in
the text are presented in magenta, and the three systems with millisec-
ond pulsars from Table 2 are in red.
is lower than the typical BHB mass of 0.5 ± 0.1 M. Instead, the
gathered observations suggest that the program star is a proto-
helium WD.
The evolutionary histories of BHB stars and helium WDs are
very similar. The HB is a sequence of core-helium burning stars
that formed after the ignition of helium burning at the tip of the
red giant branch (RGB). The morphology of the HB is deter-
mined by the mass of the hydrogen envelope, the lower it is, the
bluer the HB star appears. Hence, in order to populate the BHB,
a considerable fraction of the envelope mass must have been lost
during the transition from the RGB to the HB. However, it is
conceivable that mass loss occurs even before the progenitor star
has reached the tip of the RGB and ignited helium burning in the
core. The outcome of such an early mass loss are stripped stars
that cool down and become low-mass helium WDs. If they are
less massive than 0.3 M, they are called extremely low-mass
(ELM) WDs. The high mass loss that is necessary to strip off the
envelope and to finally form ELM WD stars is most likely due
to binary mass transfer (Driebe et al. 1998, Althaus et al. 2013,
Istrate et al. 2016). In fact, most of the ELM WDs are found in
short-period double-degenerate systems (see Brown et al. 2020
and references therein).
Although the surface gravity of SDSS J160429.12+100002.2
is currently not high enough to classify it as WD, its low mass
and its status as short-period binary system make it a prime can-
didate for being the progenitor of a low-mass helium WD, very
much alike the case of EVR-CB-001 (Teff = 18 500 ± 500 K,
log(g) = 4.96 ± 0.04; Ratzloff et al. 2019). This assumption is
strengthened by a comparison of the star’s position in the Kiel
diagram (Fig. 2) to evolutionary tracks of stripped helium cores
(Driebe et al. 1998), which shows that the inferred atmospheric
parameters can be well-recovered by a model for a stripped he-
lium core with a mass of about 0.215 M that is evolving into a
WD. This value is well within the derived 1σ confidence interval
for M1 (see Table 1) and, hence, consistent with the observations.
3.2. The nature of the unseen component
The companion of the visible B-type star does not exhibit sig-
natures in the optical spectra nor in the SED. Despite this lack
of direct hints, the currently available constraints, in particu-
lar, the orbital motion of the visible component and the con-
dition that the radius of the B-type star should not exceed its
Roche lobe radius (at periastron passage), allow the mass of the
unseen companion to be estimated in a statistical fashion (see
Appendix A.6). The resulting PDF (see Fig. 1) is very broad,
which implies that M2 is not precisely constrained. Nevertheless,
masses lower than 1.5 M can be ruled out with 99% confidence.
Such a massive object that is completely outshined by a sublu-
minous companion and that fits into the very close binary system
considered here has to be extremely compact, that is, it must be
a NS or a BH. The peculiar kinematic properties of the binary
system (see Sect. A.5) could then (at least partly) be explained
as the result of a strong supernova kick. While the shape of the
PDF, which is similar, albeit mostly broader, than that of BHs
in low-mass X-ray binary systems (LMXB; see, e.g., Özel et al.
2010), favors a BH, a NS companion is possible as well. The
latter statement may be particularly true when noting that the
PDF was derived solely from observations, that is, without con-
sidering evolutionary assumptions, which probably prefer lower
masses, for instance, owing to the slope of the initial mass func-
tion, but also introduce presumption-driven biases that we inten-
tionally aimed to avoid. Contrary to a BH, a NS may be detected
by performing X-ray and radio observations in order to search
for its blackbody emission and radio pulses, respectively (see,
e.g., Kilic et al. 2016).
3.3. The evolutionary history and fate of the binary system
Binary systems containing low-mass (proto-)helium WDs in
close orbits around NSs have already been observed in systems
hosting millisecond pulsars (e.g., Jacoby et al. 2005, Nice et al.
2005, Bassa et al. 2006, Kaplan et al. 2013, Antoniadis et al.
2013, Mata Sánchez et al. 2020) and studied in theory (e.g.,
Driebe et al. 1998, Althaus et al. 2013, Istrate et al. 2014a, Is-
trate et al. 2016). According to those models, the progenitor sys-
tems are composed of a massive (∼10–25 M) primary and a
low-mass (∼1–2 M) secondary component in a relatively close
orbit of a period lasting a few days. Triggered by stellar evo-
lution, the primary expands and, at some point, fills its Roche
lobe, which leads to the formation of a common envelope ow-
ing to the extreme mass ratio. Despite the accompanying mass
loss, the primary remains massive enough to undergo a core-
collapse supernova explosion that forms a NS of ∼1.4–2 M. If
the spiraled-in close binary system is not disrupted by the su-
pernova explosion, mass transfer via stable Roche lobe overflow
occurs when the secondary begins to expand. The absorbed an-
gular momentum of the accreted matter spins up the NS, leading
to rotational periods on the order of several milliseconds. This
phase, in which the system is a LMXB, continues until the enve-
lope mass of the secondary falls below a critical value, at which
the stripping stops because the system detaches again. The re-
sulting binary system has an orbital period of a few hours and
consists of a NS plus a stripped helium core that evolves into a
low-mass (∼0.15–0.45 M) WD. Due to the emission of gravi-
tational waves, the system shrinks for several hundred million
Article number, page 3 of 13
A&A proofs: manuscript no. paper
Table 2. Parameters of low-mass (proto-)helium WDs in short-period (P ≤ 9 h) binary systems with massive (M2 ≥ 1.5 M) companions.
Object Teff log(g) M1 M2 P io Reference
(K) (cgs) (M) (M) (h) (deg)
PSR J1738+0333 9130 ± 150 6.45 ± 0.07 0.182 ± 0.016 1.47+0.07−0.06 8.51 32.6 ± 1.0 Antoniadis et al. (2012)
PSR J1816+4510 16 000 ± 500 4.9 ± 0.3 ≥ 0.193 ± 0.012 ≥ 1.84 ± 0.11 8.66 unknown Kaplan et al. (2013)
PSR J0348+0432 10 120 ± 90 6.04 ± 0.06 0.172 ± 0.003 2.01 ± 0.04 2.46 40.2 ± 0.6 Antoniadis et al. (2013)
SDSS J160429.12+100002.2 15 840 ± 160 4.86 ± 0.04 0.25+0.15−0.06 ≥ 1.5 3.44 2.4+0.9−0.4 This work
Notes. The effective temperature, surface gravity, and mass of the (proto-)helium WD are Teff , log(g), and M1. The mass of the compact companion
is M2. The orbital period and inclination are P and io, respectively.
years until it eventually becomes an ultra-compact X-ray binary
that finally ends as an isolated BH or as a NS with a planet-mass
WD core (see, e.g., Antoniadis et al. 2013).
While those values are at the lower edge of the allowed range
given by the derived PDF (see Fig. 1), the masses, M2, of the un-
seen companion of ∼1.5–2 M are likely to be possible for the
program star. In that case, SDSS J160429.12+100002.2 would
nicely fit into the evolutionary picture outlined in the previous
paragraph. On the one hand, the system had to be in the post-
LMXB phase because the available optical spectra (see Fig. A.1
for an example) do not exhibit the slightest sign of ongoing
mass accretion, which is expected to manifest itself in LMXBs
as emission in Hα (see, e.g., Dubus et al. 2004 and references
therein). On the other hand, mass transfer could not have ceased
too long ago because the radius of the visible component is cur-
rently just barely below its Roche lobe radius. This assertion
is illustrated in Fig. 3 for a mass of 0.215 M, which is moti-
vated by evolutionary tracks (see Sect. 3.1), but also valid for
higher masses. The signature of a cool extended source observed
as infrared excess in the analysis of the SED (see Sect. A.2)
may then be caused by circumstellar material formed by the ex-
panding stripped envelope. Compared to most published models,
this would imply that Roche lobe overflow detachment occurred
quite late.
If the program star hosts a BH instead of a NS, a similar
evolutionary history with adjustments to some of the parameter
values could be conceivable because the stellar properties of the
proto-helium WD do not depend on the mass of its accreting
companion (see Istrate et al. 2016 and references therein). Ul-
timately, tailored binary evolution models are needed to better
understand the history of this system.
3.4. Similar binary systems
To our knowledge, there are only three other binary systems
known that contain a low-mass (proto-)helium WD in a short-
period (P ≤ 9 h) orbit around a massive (M2 ≥ 1.5 M) com-
pact companion, all of which host millisecond pulsars. Table 2
lists some of their relevant parameters. Those systems are im-
portant benchmark objects for stellar binary evolution theory
(see, e.g., Istrate et al. 2014b, 2016), which is why this dis-
covery also bears great potential as a test bed for theory. While
most properties of the visible component in PSR J1816+4510
are very similar to SDSS J160429.12+100002.2, the orbital pe-
riod of the former is more than a factor of two longer, which
implies that its orbital motion is less extreme. In contrast, the
orbital period of PSR J0348+0432 is only three-quarters of that
of our program star. The resulting compact orbit and the high
mass of the NS have made PSR J0348+0432 a sensitive labo-
ratory for probing gravity in a previously untested strong-field
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Fig. 3. Left ordinate (red): Mass of the unseen companion M2 as a func-
tion of the orbital inclination io: a mass M1 = 0.215 M for the visible
component is used to numerically solve the binary mass function given
in Eq. (A.3) for M2. Right ordinate (blue): Roche radius of the visible
component at the pericenter passage based on Eq. (A.6). The widths
of both shaded regions cover all involved 1σ uncertainties. The range
of stellar radii R1 that follows from M1 and from the spectroscopically
inferred surface gravity g = GM1/R21 (see Table A.2; G is the gravi-
tational constant) is indicated by the blue dotted horizontal lines. The
other dotted lines mark the limits for the orbital inclination and mass of
the unseen companion that arise from the condition that the Roche lobe
radius has to exceed the stellar radius.
regime (Antoniadis et al. 2013). Similarly, long-term monitoring
of PSR J1738+0333 provided the most stringent constraints at
the time for a wide class of gravity theories (Freire et al. 2012).
If future radio observations reveal that the program star is or-
bited by a millisecond pulsar as well, we could expect similar
prospects for it.
3.5. Abundance studies of (proto-)helium WDs
Regardless of whether SDSS J160429.12+100002.2 contains a
pulsar or not, it is one of the few cases that have allowed for a
comprehensive abundance analysis of a proto-helium WD. Little
information on the chemical composition of other (proto-)helium
WDs is currently available, which remains a crucial aspect for
the advancement of our understanding of these objects (see, e.g.,
Istrate et al. 2016). For the companion of the above-mentioned
millisecond pulsar PSR J1816+4510, Kaplan et al. (2013) de-
termined super-solar abundances for He, Na, Mg, Si, Ca, and
Fe, which, apart from Fe, is completely contrary to what we
find here. This is remarkable given that the atmospheric param-
eters of the two visible components are almost identical. For the
Article number, page 4 of 13
A. Irrgang et al.: A proto-helium white dwarf with a non-interacting neutron star or black hole companion
ELM WD SDSS J074511.56+194926.5, Gianninas et al. (2014)
measured solar abundances for Mg, Ca, Ti, Cr, and Fe. The
most comprehensive abundance studies available are based on
ultraviolet spectra of GALEX J1717+6757 (Vennes et al. 2011,
Hermes et al. 2014), a pre-ELM WD of similar temperature
(14 900±200 K) but higher surface gravity (5.67±0.05 dex) than
our program star, and the sdB-type pre-ELM WD HD 188112
(Teff = 21 500 ± 500 K, log(g) = 5.66 ± 0.06; Heber et al.
2003, Latour et al. 2016). Hermes et al. (2014) derived abun-
dances of C, Al, Si, P, S, Ca, Ti, Cr, and Fe as well as upper
limits for N, O, Mg, Sc, and Ni while Latour et al. (2016) de-
termined abundances of Mg, Al, Si, P, S, Ca, Ti, Cr, Mn, Fe,
Ni, Zn, Ga, Sn, and Pb as well as upper limits for C, N, and O.
The resulting abundance patterns of both objects are most likely
produced by atomic diffusion processes. Also, based on ultravio-
let spectroscopy, Wang et al. (2020) recently found evidence for
atomic diffusion in the atmosphere of the pre-ELM WD EL CVn
(Teff = 11 890 ± 490 K, log(g) = 4.77 ± 0.02), which is the
prototype of a class of eclipsing binary systems with pre-ELM
WDs and A- or F-type main-sequence companions. Istrate et al.
(2017) and Heuser (2018) presented an abundance analysis of
the EL CVn-type star WASP 0247−25 B (Teff = 10 870 ± 230 K,
log(g) = 4.70 ± 0.12), which turned out to be somewhat rich
in He and deficient in O, Mg, Si, Ca, Ti, and Fe, albeit less pro-
nounced than for SDSS J160429.12+100002.2. Finally, based on
a visual inspection of spectra of the ELM survey (Brown et al.
2020), Hermes et al. (2014) concluded that all ELM WDs show
Ca in their optical spectra if their surface gravity is lower than
log(g) = 5.9.
4. Summary and outlook
Based on a comprehensive investigation that utilizes multi-epoch
data from astrometry, photometry, and optical spectroscopy,
we suggest that SDSS J160429.12+100002.2 is a short-period
single-lined spectroscopic binary system containing a low-mass
proto-helium WD and a massive compact companion that is
most likely a NS or a BH. Only very few other binary systems
with similar configurations are known. All of them host millisec-
ond pulsars and are important benchmark objects for stellar bi-
nary evolution theory or laboratories for testing gravity under
extreme conditions. The derived chemical abundance pattern of
the proto-helium WD shows heavy signatures of ongoing atomic
diffusion processes and may thus help us to better understand the
details of those complex processes, particularly because quanti-
tative abundance studies of proto-helium WDs have been very
rare so far. In order to fully exploit the potential of this sys-
tem as test bed for theory, observations in X-ray, ultraviolet,
and radio will eventually be necessary. High-resolution ultra-
violet spectroscopy would allow for abundance determinations
of many more chemical species than what is currently possible
based on optical spectra, while flux measurements in the X-ray
and radio regime could help to unravel the nature of the compact
companion, for instance, by measuring the blackbody emission
or radio pulses of the potential NS companion. Unfortunately,
the prospects of extracting constraints from time-series optical
photometry are dim given that our estimate for the orbital incli-
nation is very low (io = 2.4+0.9−0.4 deg) and that modulations in the
light curve are proportional to powers of sin(io) (see, e.g., Anto-
niadis et al. 2013). Fortunately, more precise and accurate par-
allax measurements from future Gaia DRs will certainly help to
better constrain the stellar parameters of the binary components.
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Appendix A: Analysis details
Appendix A.1: Quantitative spectroscopic analysis
Our spectral investigation is based on data from four different
instruments. The very first spectrum was taken with the SDSS
BOSS spectrograph (Smee et al. 2013) attached to the 2.5 m tele-
scope at Apache Point Observatory, with another five with the
ESI spectrograph (Sheinis et al. 2002) mounted at the Keck II
telescope, four with the blue arm of the ISIS spectrograph1 at the
William Herschel Telescope, and six with the X-shooter (Vernet
et al. 2011) at the ESO Very Large Telescope. Table A.1 lists
the date, exposure time, average signal-to-noise ratio (S/N), and
measured radial velocity 3rad of the individual observations.
Following the analysis strategy outlined in Irrgang et al.
(2014), we simultaneously fit all those spectra over their entire
spectral range to determine the atmospheric parameters and el-
emental abundances. The underlying synthetic models are com-
puted using a series of three codes. The structure of the atmo-
sphere is computed in LTE with Atlas12 (Kurucz 1996). Based
on this atmosphere, population numbers in non-LTE are calcu-
lated with the Detail code (Giddings 1981; Butler & Giddings
1985) which numerically solves the coupled radiative transfer
and statistical equilibrium equations. Using the non-LTE occu-
pation numbers from Detail and more detailed line-broadening
data as input, the emerging spectrum is eventually computed
with the Surface code (Giddings 1981; Butler & Giddings 1985).
Recent updates to all three codes (see Irrgang et al. 2018 for de-
tails) with respect to non-LTE effects on the atmospheric struc-
ture as well as the implementation of the occupation probabil-
ity formalism (Hubeny et al. 1994) for hydrogen and new Stark
broadening tables for hydrogen (Tremblay & Bergeron 2009)
and neutral helium (Beauchamp et al. 1997) are considered as
well.
The results of the spectroscopic analysis are summarized in
Table A.2. The derived effective temperature Teff = 15 840 ±
160 K shows that the program star is of spectral type B. As ex-
emplified in Fig. A.1, all available spectra do only exhibit spec-
tral lines of H, He, Mg, Ca, and Fe, which is quite uncommon
for “normal” B-type stars. For reference, main sequence stars of
similar temperature and solar chemical composition also show
lines of C, N, O, Ne, Al, Si, S, and Ar. Owing to the absence of
spectral features of those elements, we are only able to provide
upper limits for the respective abundances. The measured abun-
dances of He, Mg, Ca2, and Fe significantly differ from those of
the Sun. In terms of number fractions, He and Mg are underabun-
dant by more than 1 dex and Ca by 0.7 dex while Fe is enriched
by about 0.8 dex. Upper limits for the abundances of C, N, O, Ne,
Al, Si, and S are also significantly below solar (from 0.5 dex for
N to 2.5 dex for Si). The only exception from this trend is Ar, for
which the upper limit is close to solar. This peculiar abundance
pattern clearly hints at ongoing diffusion processes. The inferred
value for the microturbulence, ξ = 2.0+1.3−1.5 km s
−1, is rather in-
conspicuous. In contrast, the radial velocity 3rad turns out to be
variable on a timescale of hours, see Table A.1. Consequently
and as discussed in Sect. A.4, our value for the projected rota-
tional velocity 3 sin(i) = 18.4+2.2−2.0 km s
−1 is overestimated due to
the effect of orbital smearing.
Table A.1. List of observations.
Date Exp. S/N Spectrograph 3rad (a)
(d) (s) (km s−1)
5706.8079 6306 36 BOSS (2000) −320.6 ± 2.6 (b)
7579.8213 1800 43 ESI (5200) −383.8 ± 1.3
7579.8427 1800 12 ESI (5200) −370.5 ± 3.1
7579.8654 1800 47 ESI (8000) −343.3 ± 1.1
7959.3798 900 35 blue arm ISIS (2.0 Å) −313.2 ± 11.2 (c)
7959.3908 900 38 blue arm ISIS (2.0 Å) −308.0 ± 11.1 (c)
7961.4907 1800 34 blue arm ISIS (1.2 Å) −378.6 ± 10.6 (c)
7961.5132 1800 27 blue arm ISIS (1.2 Å) −323.5 ± 10.8 (c)
8255.0640 1500 62 ESI (8000) −349.5 ± 4.0 (d)
8255.0821 1500 60 ESI (8000) −373.3 ± 3.0 (d)
8564.7278 1800 21 X-shooter UVB (9800) −325.2 ± 1.2
8564.7278 1800 13 X-shooter VIS (11000) −320.5 ± 2.0
8565.7407 1800 32 X-shooter UVB (9800) −337.5 ± 0.9
8565.7408 1800 16 X-shooter VIS (11000) −338.6 ± 1.7
8565.7668 1800 39 X-shooter UVB (9800) −375.8 ± 0.7
8565.7669 1800 18 X-shooter VIS (11000) −375.9 ± 1.8
8565.8164 1800 35 X-shooter UVB (9800) −357.4 ± 0.8
8565.8165 1800 18 X-shooter VIS (11000) −363.6 ± 1.8
8565.8427 1800 40 X-shooter UVB (9800) −316.5 ± 0.7
8565.8428 1800 20 X-shooter VIS (11000) −319.3 ± 1.4
8565.8693 1800 40 X-shooter UVB (9800) −317.0 ± 0.7
8565.8693 1800 21 X-shooter VIS (11000) −321.9 ± 1.6
Notes. The first column is the heliocentric Julian date (HJD) at the mid-
dle of the observation minus 2 450 000, the second the exposure time,
the third the average signal-to-noise ratio (S/N), the fourth the spec-
trograph with its approximate resolving power λ/∆λ or ∆λ in brack-
ets, and the fifth the measured heliocentric radial velocity with statisti-
cal 1σ uncertainties. (a) Not corrected for gravitational redshift. (b) Not
used for the analysis of the radial-velocity curve because the expo-
sure time is roughly half the orbital period. (c) A generic uncertainty of
10 km s−1 was added in quadrature to account for possible wavelength
shifts caused by instrument flexure. (d) Uncertainties were increased to
account for a small but measurable offset in the wavelength calibration
as indicated by the position of the telluric features.
Appendix A.2: Analysis of the spectral energy distribution
The SED provides an important constraint to cross-check spec-
troscopic results and to obtain a more comprehensive picture of
the program star. For this particular object, photometric mea-
surements covering the ultraviolet, optical, and infrared are
available. In order to validate our spectroscopic results, we fit-
ted the observed SED with synthetic SEDs computed with At-
las12. Because the surface gravity, microturbulence, He abun-
dance, and metallicity are, if at all, only poorly constrained by
photometry, they were set to the values determined from spec-
troscopy (see Table A.2) using Fe as a proxy for metallicity. Con-
sequently, the three quantities Teff , Θ, and E(44 − 55) remained
as free parameters to match the observed SED. The angular di-
ameter Θ = 2R1/d (R1 is the radius and d the distance of the
star, see Heber et al. 2018 for more details) is used as distance
scaling factor while the color excess E(44 − 55) is introduced to
account for interstellar reddening, the effect of which is modeled
here using the extinction law by Fitzpatrick et al. (2019) with
a standard extinction coefficient R(55) = 3.02. These extinction
parameters are analogons of the more widely used color excess
E(B−V) and extinction parameter R(V), but with measurements
in the Johnson B and V filters substituted by monochromatic
ones at 4400 Å and 5500 Å (see, e.g., Fitzpatrick et al. 2019
1 http://www.ing.iac.es/astronomy/instruments/isis/
2 The Ca abundance is based on population numbers in LTE.
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Fig. A.1. Exemplary comparison of best-fitting model spectrum (red line) with normalized observation (black line; X-shooter spectrum taken
on March 23, 2019, that is, 2 458 565.8693 HJD). Light colors mark regions that have been excluded from fitting, e.g., due to the presence of
interstellar or telluric lines. Residuals χ are shown as well. The optical spectrum only exhibits lines of H, He, Mg, Ca, and Fe.
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Fig. A.1. continued.
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Table A.2. Atmospheric parameters and elemental abundances.
Teff log(g) 3 sin(i) ξ log(n(x))
(K) (cgs) (km s−1) He C N O Ne Mg Al Si S Ar Ca Fe
Value 15 840 4.86 18.4 (a) 2.0 −2.13 ≤ −5.66 ≤ −4.69 ≤ −5.36 ≤ −5.97 −5.71 ≤ −7.08 ≤ −7.00 ≤ −6.60 ≤ −5.75 −6.38 (b) −3.69
Stat. +20−20
+0.01
−0.01
+0.9
−1.0
+0.1
−0.1
+0.02
−0.02 . . . . . . . . . . . .
+0.04
−0.04 . . . . . . . . . . . .
+0.07
−0.08
+0.02
−0.02
Sys. +160−160
+0.04
−0.04
+2.0
−1.7
+1.3
−1.5
+0.04
−0.04 . . . . . . . . . . . .
+0.04
−0.05 . . . . . . . . . . . .
+0.20
−0.22
+0.09
−0.09
 (c) −1.06 −3.57 −4.17 −3.31 −4.07 −4.40 −5.55 −4.49 −4.88 −5.60 −5.66 −4.50
Value −1.54 ≤ −4.60 ≤ −3.57 ≤ −4.18 ≤ −4.69 −4.34 ≤ −5.67 ≤ −5.57 ≤ −5.11 ≤ −4.17 −4.80 (b) −1.96
Stat. +0.02−0.02 . . . . . . . . . . . .
+0.04
−0.04 . . . . . . . . . . . .
+0.07
−0.08
+0.02
−0.02
Sys. +0.04−0.04 . . . . . . . . . . . .
+0.04
−0.05 . . . . . . . . . . . .
+0.20
−0.22
+0.09
−0.09
 (c) −0.57 −2.60 −3.13 −2.22 −2.87 −3.12 −4.23 −3.15 −3.48 −4.11 −4.17 −2.86
Notes. The abundance n(x) is either given as fractional particle number (upper four rows) or mass fraction (lower four rows) of species x with
respect to all elements. Statistical uncertainties (“Stat.”) are 1σ confidence limits based on χ2 statistics. Systematic uncertainties (“Sys.”) cover
only the effects induced by additional variations of 1% in Teff and 0.04 in log(g) and are formally taken to be 1σ confidence limits (see Irrgang
et al. 2014 for details). Abundances without uncertainties are upper limits because the respective chemical elements do not exhibit spectral lines
that are strong enough to be measured. (a) Affected by orbital smearing and thus overestimated, see Sect. A.4. (b) Abundance based on population
numbers computed in LTE. (c) Protosolar nebula values from Asplund et al. (2009) as reference.
Table A.3. Parameters derived from the analysis of the SED.
Parameter Value
Angular diameter log(Θ (rad)) −11.418 ± 0.006
Color excess E(44 − 55) 0.055 ± 0.023 mag
Extinction parameter R(55) (fixed) 3.02
Effective temperature Teff 15 800+800−700 K
Blackbody temperature Tbb 2300+400−600 K
Blackbody surface ratio 16+13− 5
Notes. The given uncertainties are single-parameter 1σ confidence in-
tervals based on χ2 statistics with a reduced χ2 at the best fit of 0.47.
for details). In order to empirically account for an apparent in-
frared excess showing up in the WISE data, we also modeled a
blackbody component. This introduced two additional free pa-
rameters, namely a temperature and a flux weighting factor that
is parameterized as surface ratio relative to the stellar compo-
nent. The results of the fitting procedure are summarized in Ta-
ble A.3 and illustrated in Fig. A.2. Effective temperatures from
spectroscopy and photometry are basically identical, which cor-
roborates our spectroscopic results. Moreover, the inferred in-
terstellar reddening of E(44 − 55) = 0.055 ± 0.023 mag is con-
sistent with upper limits from reddening maps (Schlegel et al.
1998: E(B − V) = 0.060 ± 0.002 mag; Schlafly & Finkbeiner
2011: E(B − V) = 0.051 ± 0.002 mag). The best-fitting param-
eters of the blackbody component are able to reproduce the ob-
served infrared excess and hint at the presence of a very cool but
relatively extended thermal source. Its effective radiation area is
16+13− 5 times the projected surface area of the star itself.
Appendix A.3: Analysis of the light curve
The CSS light curve (Drake et al. 2009) consists of 379 V-
band measurements spread over 3101 days. The mean magni-
tude of this data set is 17.11 ± 0.01 mag and the respective stan-
dard deviation is 0.08 mag. The latter is very close to the mean
of the stated uncertainties on the individual measurements of
0.09 mag and, thus, expected for a constant source. Nevertheless,
we checked whether there are indications for photometric vari-
ability on timescales similar to the orbital period (see Sect. A.4)
by fitting the light curve with a simple cosine function of the
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Fig. A.2. Comparison of synthetic and observed photometry: The top
panel shows the SED. The colored data points are filter-averaged fluxes
which were converted from observed magnitudes (the respective full
width at tenth maximum of the filters are indicated by the dashed hori-
zontal lines), while the gray solid line represents the best-fitting model,
i.e., it is based on the parameters from Table A.3, degraded to a spec-
tral resolution of 6 Å. The flux is multiplied with the wavelength to the
power of three to reduce the steep slope of the SED on such a wide
wavelength range. The individual contributions of the stellar (light blue)
and blackbody (light red) component are shown as well. The panel at
the bottom shows the residuals χ, that is, the difference between syn-
thetic and observed magnitudes divided by the corresponding uncertain-
ties. The photometric systems have the following color code: GALEX
(violet; Bianchi et al. 2017); SDSS (golden; Alam et al. 2015); Pan-
STARRS1 (red; Chambers et al. 2017); Gaia (cyan; Evans et al. 2018
with corrections and calibrations from Maíz Apellániz & Weiler 2018);
WISE (magenta; Schlafly et al. 2019).
form
VCSS(t) = VCSS + ACSS cos
(
2pi
[
(t − Tref)/P + φref]) (A.1)
after removing six obvious (> 2σ) outliers. The time-dependent
magnitude VCSS(t) is hence parameterized by a mean magnitude
VCSS, an oscillation semiamplitude ACSS, and an oscillation fre-
quency 1/P. The parameter φref is the phase at the fixed reference
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Fig. A.3. The oscillation semiamplitude, which results from fitting the
CSS light curve with the cosine model described in Eq. (A.1), as func-
tion of the oscillation frequency or period, respectively. The step size in
the oscillation frequency was chosen such that phase shifts are always
less than 0.02. A maximum filter has been applied to lower the number
of points in the plot to a reasonable amount.
epoch Tref . Figure A.3 shows the best-fitting semiamplitude as
function of the oscillation frequency. The lack of a distinct max-
imum implies that – within the level of precision of the CSS light
curve – SDSS J160429.12+100002.2 is not photometrically vari-
able.
Appendix A.4: Analysis of the radial-velocity curve
Already in the first follow-up observation run in July 2016, vari-
ations in the radial velocity became obvious. Within about an
hour, 3rad changed by more than 40 km s−1. In a second run
in April 2019, enough follow-up observations were collected
to construct the radial-velocity curve. For the modeling of this
curve, we did not consider the BOSS spectrum because its expo-
sure time is roughly half the orbital period, which might be too
long to infer a representative radial velocity.
Given that it is much smaller than the gap between the ob-
servation blocks, the determination of the orbital period P was
not trivial. To estimate an upper limit for P, we looked at the
radial-velocity variations in the night at 2 458 565 HJD (see Ta-
ble A.1). Within 2.5 h, 3rad increased from about −376 km s−1
to roughly −318 km s−1. This change in 3rad coincides fairly well
with the maximum velocity amplitude inferred from all available
observations. For a sinusoidal curve, it would take 1/2 +N times
the orbital period to accomplish this maximum change, where
N ≥ 0 is an integer. Consequently, P ≈ 2.5 h/(1/2 + N) . 5 h.
To account for the various approximations in this reasoning, we
adopted a conservative upper limit of 18 h. A lower limit for P
can be estimated by considering the effect of orbital smearing,
that is, spectral lines are smeared out due to the change in radial
velocity over the course of an exposure. Assuming that 3rad in-
creases linearly from its minimum to its maximum value during
half the orbital period, it follows that (376 − 318) km s−1/(P/2)
times the exposure times of those observations that have suffi-
cient spectral resolution to resolve line broadening (0.42–0.5 h)
has to be lower or equal than the measured value for the pro-
jected rotational velocity of 3 sin(i) = 18.4+2.2−2.0 km s
−1, which
yields P ≥ 0.42 h × 2 × 58/20.6 = 2.36 h.
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Fig. A.4. χ2 landscape (“periodogram”), which results from fitting the
measured radial velocities with a Keplerian model, as a function of the
orbital frequency or period, respectively. The step size in the orbital
frequency was chosen such that phase shifts are always less than 0.01.
A minimum filter has been applied to lower the number of points in the
plot to a reasonable amount. The dashed red lines mark the best fit.
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Fig. A.5. Phased radial-velocity curve: the measurements are repre-
sented by black symbols with 1σ error bars while the best-fitting Keple-
rian model is indicated by the red solid curve. The corresponding orbital
parameters are given in Table A.4. ESI spectra are shown as crosses,
ISIS spectra as open squares, and X-shooter UVB and VIS spectra as
open diamonds and circles, respectively. The dashed horizontal lines in-
dicate the individual exposure times over which the Keplerian curve is
averaged before being compared with the measurements. The residuals,
χ, are shown in the lower panel. An orbital phase of 0 corresponds to
the pericenter passage.
Figure A.4 shows the χ2 landscape that results from fitting
the observed radial velocities with a Keplerian curve for orbital
periods between the aforementioned limits. Instead of simply
evaluating the Keplerian curve at the midpoint of the exposure
times, we average it over the exposure times to account for the
fact that the latter are non-negligible fractions of the orbital pe-
riod. The parameters of the best-fitting configuration with a re-
duced χ2 of about 2.59 are listed in Table A.4 and the corre-
sponding phased radial-velocity curve is shown in Fig. A.5. The
star is part of a very close, low-eccentric, short-period single-
lined spectroscopic binary system with a large negative sys-
temic radial velocity. The very low values for the mass func-
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Table A.4. Orbital parameters.
Parameter Value
Period P 0.14337069 ± 0.00000018 d
Epoch of periastron Tperiastron 2 455 706.037+0.008−0.010 HJD
Eccentricity e 0.064 ± 0.027
Longitude of periastron ω 349+17−26 deg
Velocity semiamplitude K1 38.9 ± 0.8 km s−1
Systemic velocity γ (a) −349.3 ± 0.6 km s−1
Derived parameter Value
Mass function f (8.7 ± 0.6) × 10−4 M
Projected semimajor axis a1 sin(io) 0.1099 ± 0.0023R
Projected periastron distance rp sin(io) 0.103 ± 0.004R
Notes. The given uncertainties are single-parameter 1σ confidence in-
tervals based on χ2 statistics. All uncertainties given in Table A.1 have
been multiplied with a factor of 1.61 to achieve a reduced χ2 of unity at
the best fit. (a) Not corrected for gravitational redshift.
tion (0.00087 ± 0.00006 M) and the projected semimajor axis
(0.1099 ± 0.0023R) indicate that the orbital inclination io of
the system is probably also quite low, that is, we see the system
relatively pole-on.
With the inferred orbital parameters from Table A.4, we
can now turn the tables and check to what extent our estimate
for the projected rotational velocity is actually affected by or-
bital smearing. Assuming again that 3rad increases linearly from
its minimum to its maximum value during half the orbital pe-
riod, the amount of orbital smearing can be estimated to be
4 × K1/P ≈ 45 km s−1 h−1 times the relevant exposure times
(0.42–0.5 h), which yields values between 19–22 km s−1. Conse-
quently, the measured projected rotational velocity of 3 sin(i) =
18.4+2.2−2.0 km s
−1 is heavily affected by orbital smearing and its
true value is probably much lower, which implies that the object
is a slow rotator or that we see the star’s rotational axis under a
very small inclination, i.
Appendix A.5: Kinematic analysis
The unusually large negative systemic radial velocity (see Ta-
ble A.4) of this binary system calls for a closer inspection of
its kinematic properties. Using the spectroscopic distance and
the correction for gravitational redshift from Table 1, as well
as proper motions from Gaia DR2, which seem to be reli-
able because the “renormalized unit weight error” (RUWE, see
Lindegren 2018) indicates a well-behaved astrometric solution
(RUWE = 1.01), allows the current position and velocity vec-
tor of the system to be computed. Based on the object’s lo-
cation in the Toomre diagram (Fig. A.6), we conclude that it
is on a highly retrograde, halo-like orbit that is more extreme
than that of most other known ELM WD binaries. Nevertheless,
SDSS J160429.12+100002.2 does no longer qualify as candi-
date hypervelocity star because its local Galactic escape velocity
3esc computed in Milky Way mass Model I from Irrgang et al.
(2013) significantly exceeds its current Galactic rest-frame ve-
locity 3Grf = 430± 90 km s−1, rendering it undoubtedly bound to
the Galaxy (3Grf − 3esc = −200 ± 90 km s−1).
180
85
⊙
4002000-200-400
450
400
350
300
250
200
150
100
50
0
V (km s−1)
(U
2
+
W
2 )
1/
2
(k
m
s−
1 )
Fig. A.6. Position of the program star in the Toomre diagram. The quan-
tity, V , is the velocity component in direction of Galactic rotation, U,
towards the Galactic center, and W, perpendicular to the Galactic plane.
The star, the Sun, and the local standard of rest (LSR) are marked by a
black cross with 1σ error bars, a yellow circled dot (), and a red plus
sign (+), respectively. The meaning of the (light) blue data points is the
same as in Fig. 2. The gray dashed circles centered around the LSR
represent boundaries for thin (radius of 85 km s−1) and thick (radius of
180 km s−1) disk following Fuhrmann (2004).
Appendix A.6: Bayesian inference of stellar parameters
The most plausible estimates for the radius and mass of the vis-
ible component (R1, M1), the mass of its unseen and thus com-
pact companion (M2), and the orbital inclination (io) are those
that have the highest probability of reproducing the accumulated
observational constraints, which are:
1. The value for the surface gravity
g(R1,M1) = GM1/R21 (A.2)
(G is the gravitational constant) as derived from spectros-
copy, see Table A.2.
2. The value for the mass function
f (M1,M2, io) =
M2 sin3(io)
(1 + M1/M2)2
= (1 − e2)3/2 K
3
1P
2piG
(A.3)
as derived from the analysis of the radial-velocity curve, see
Table A.4.
3. The value for the projected periastron distance
rp sin(io) = (1 − e2)1/2(1 − e)K1P2pi (A.4)
as derived from the analysis of the radial-velocity curve, see
Table A.4. In contrast to the surface gravity and the mass
function, this quantity cannot be directly computed from a
given set of trial parameters {R1,M1,M2, io}. Nevertheless,
it couples all four parameters via the simple geometric con-
straint that any star in a binary system has to be smaller than
its Roche lobe radius. To account for the slight eccentricity
of the binary orbit, we focus in the following on the orbital
phase at which the Roche lobe is smallest, that is, on the pe-
riastron passage. Using the approximation formula for the
relative Roche lobe radius by Eggleton (1983),
rL(M1,M2) =
0.49(M1/M2)2/3
0.6(M1/M2)2/3 + ln
(
1 + (M1/M2)1/3
) , (A.5)
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the Roche lobe radius at periastron can be written as
RL,p(M1,M2, io) =
rL(M1,M2)rp sin(io)
sin(io)
, (A.6)
which, combined with the geometric requirement mentioned
above, namely R1 ≤ RL,p, yields
h(R1,M1,M2, io) B
R1 sin(io)
rL(M1,M2)
≤ rp sin(io) . (A.7)
Consequently, we wish to determine the probability of having a
set of parameters {R1,M1,M2, io} given the set of observations
{ f , g, h}, that is, we have to find an expression for the conditional
probability P({R1,M1,M2, io}|{ f , g, h}). Using Bayes’ theorem,
we can write
P({R1,M1,M2, io}|{ f , g, h}) = CP({ f , g, h}|{R1,M1,M2, io})
× P(R1)P(M1)P(M2)P(io) (A.8)
where C is a normalization constant and P(R1), P(M1), P(M2),
and P(io) are priors over the values of the four free parameters.
To bias the outcome as little as possible, we assume flat priors for
M1 and M2, only restricting the latter to values ≤ 25 M because
compact objects with larger masses are highly unlikely in solar-
metallicity environments (see, e.g., Spera et al. 2015):
P(M1) = constant , (A.9)
P(M2) =
{
constant , M2 ≤ 25 M
0 , M2 > 25 M .
(A.10)
Orbital inclinations are assumed to follow an isotropic distribu-
tion:
P(io) ∝ sin(io) . (A.11)
For the radius, R1, we can construct a tailored prior from the
measurements of the star’s angular diameter (Θ = 3.82 × 10−12,
σΘ = 0.06 × 10−12, see Sect. A.2) and its Gaia DR2 parallax
($ = 0.127 + 0.029 mas; σ$ = 0.090 mas; the term +0.029 is
the global parallax correction advised by Lindegren et al. 2018).
Substituting the inverse distance, 1/d, in the equation for the an-
gular diameter Θ = 2R1/d by the parallax, $ = 1au/d (au is
the astronomical unit), and assuming Θ and $ to be distributed
Gaussian yields the following integral for the prior probability
of R1:
P(R1) ∝
∞"
0
exp
− (Θ´ − Θ)2
2σ2
Θ
− ($´ −$)
2
2σ2$
 δ (R1 − Θ´au2$´
)
dΘ´d$´ ,
(A.12)
where δ is the Dirac delta function. The resulting distribution,
which we obtain by numerical integration, is shown in Fig. A.7.
As a final step, by assuming that the three observations { f , g, h}
are independent of each other, we can write the likelihood func-
tion P({ f , g, h}|{R1,M1,M2, io}) that occurs in Eq. (A.8) as a
product of individual probability distributions,
P({ f , g, h}|{R1,M1,M2, io}) =
∏
x∈{ f ,g,h}
P(x|{R1,M1,M2, io}) ,
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Fig. A.7. Prior PDF for the radius of the visible star, R1 = Θau/(2$).
The meaning of the dashed and dotted lines is the same as in Fig. 1.
for which we use Gaussian functions with mean value x¯ and stan-
dard deviation σx as given by the observations:
P(x|{R1,M1,M2, io}) ∝ exp
(
− (x(R1,M1,M2, io) − x¯)
2
2σ2x
)
(A.14)
(A.13)
for x ∈ { f , g} and
P(x|{R1,M1,M2, io}) ∝
 1 , x ≤ x¯exp (− (x(R1,M1,M2,io)−x¯)22σ2x ) , x > x¯
(A.15)
for x = h. With all expressions in Eq. (A.8) finally defined, it is
now possible to compute the posterior PDFs for each of the four
parameters by marginalizing out the other three. The result of
this exercise is summarized in Table 1 and visualized in Fig. 1.
Although small orbital inclinations are in general unlikely ow-
ing to Eq. (A.11), the interplay of all observational constraints
still favors a very small orbital inclination and, therefore, a high
companion mass (io = 2.4+0.9−0.4 deg, M2 = 7.0
+13.8
− 1.7 M). The main
driver for this is Eq. (A.7), that is, the requirement that the radius
of the visible star has to be lower than its Roche radius at peri-
astron passage. To understand this, let us consider an exemplary
mass M1 = 0.215 M, which, according to Eq. (A.2) and Ta-
ble A.2, corresponds to R1 = 0.286± 0.014R. As demonstrated
in Fig. 3, this radius is exceeded by the Roche lobe radius at that
given M1 only for orbital inclinations lower than 4.2 ± 1.0 deg,
which, in turn, lead to values for M2 larger than 2.5+1.8−1.0 M. Be-
cause the prior PDF for R1 (see Fig. A.7) peaks at R1 ≈ 0.38R
instead of 0.286±0.014R, even smaller values for io and larger
ones for M2 are mostly needed in order to fit the star into its
Roche lobe, finally leading to the values given in Table 1. In-
terestingly, the posterior PDF for R1 (see Fig. 1) peaks at about
0.32R, that is, it is shifted to lower values with respect to the
prior PDF. Because this radius would correspond to a parallax
$ = Θau/(2R1) = 3.82 × 10−12 × 1au/(2 × 0.32R) = 0.26 mas
that is larger than that provided by Gaia DR2 ($ = 0.127 +
0.029 ± 0.090 mas), we predict that the parallax in future Gaia
DRs will be revised upwards.
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